Objective: To describe associations between hydration status and dietary behaviour in children, as current research indicates that hydration status is influenced by nutrition vice versa, hydration status may influence dietary behaviour. Design: Cross-sectional analyses of data from the Dortmund Nutritional and Anthropometric Longitudinally Designed Study, (DONALD) using 24-h urine samples to determine the hydration status and 3-day weighed food records to describe the dietary profile of the children. Setting: Secondary analyses of data from an observational study. Subjects: A group of 4-11 year old children living in Dortmund, Germany; N ¼ 717. Methods: Hydration status was determined by calculating the 'free water reserve', using analyses of the 24-h urine samples. Nutrient intake per day was calculated from the 3-day weighed food records. Children were categorized into groups of hydration status and analysed for significant differences in their dietary profile. Results: Children in the highest group of the hydration status had significant higher total water intake, lower energy density of the diet and a lower proportion of metabolic water compared to children in the lowest group of the hydration status. In addition, analyses showed -although not significant in all subgroups -that better hydrated children consumed more water from beverages and water-supplying foods and less energy from fat. Conclusions: Euhydrated children, that are children in the highest group of hydration status, had a more preferable dietary profile than children at risk of insufficient hydration. Sponsorship:
Introduction
In humans, food and fluid intake are closely linked, because food intake affects the water balance of the body, the hydration status. Metabolic end products obligatory to urinary excretion increase renal fluid losses, and fluid losses are replaced by fluid intake from foods and beverages.
Although there are these well-known effects of food intake on hydration status, it has recently been hypothesised that -vice versa -the hydration status might influence an individual's food intake (Stookey, 1999) . Both results from studies in humans and from experimental animal studies suggest that energy intake and/or macronutrient composition might be affected by hydration status. For example, in an experimental study with rodents, prolonged water deprivation since weaning resulted in higher food intake among the water deprived animals as compared with controls (Sahni et al., 1987) . Other experimental studies with water-deprived rats and seal pups have shown that dehydration has stimulating effects on lipid metabolism, as fat is the most efficient source of metabolic water (Hohenegger et al., 1986; Reilly, 1991) . In an experimental study with human subjects, extended fluid restriction (up to 37 h) lead to a decrease in energy intake owing to a decrease in protein and carbohydrate intake, but no reduction in fat intake (Shirreffs et al., 2004) . Thus, it is imaginable that dehydration induces a preference for a high-fat diet as a potentially compensatory mechanism to deal with dehydration (Stookey, 1999) .
Another experimental study in humans found that drinking 500 ml of water increased the metabolic rate by 30%, resulting in a total thermogenic response of 400 kJ (Boschmann et al., 2003) . On the other hand, enhanced fluid restriction was found to reduce food intake (Engell, 1988) . These results indicate that water intake might have a relevant effect on energy expenditure and/or energy intake, both important determinants of food intake.
From these observations made in experimental studies the hypothesis was drawn that hydration status is related to food intake in free-living individuals. This has not been analysed so far, but is of interest owing to the effects of food and nutrient intake, and also of the hydration status on chronic disease development (Manz and Wentz, 2005) . As the development of overweight and obesity has also been associated with fluid intake (Kleiner, 1999; Valtin, 2002) , this issue might be of even higher importance in the light of the current obesity epidemic.
The aim of the present analysis was to describe the relation between hydration status and food intake in a group of healthy children. Fluid intake characteristics, energy supply and macronutrient composition were related to measures of hydration status obtained from 24-h urine samples of 4-11 year old children of the Dortmund Nutritional and Anthropometric Longitudinally Designed (DONALD) Study.
Methods
The DONALD Study is an ongoing open cohort study that investigates relations between nutrition, growth, metabolism and endocrinium during childhood and adolescence. Healthy newborns from Dortmund (Germany) and surrounding communities are recruited at age 3 month and are followed with at least annual visits at the study centre until early adulthood. To date, about 670 children are participating. Details of the study design and assessment procedures have been previously published (Kroke et al., 2004) . In brief, each year the participants, or their parents respectively, are asked to complete a 3-day weighed food record. This record supplies detailed information on the kind and amount of foods and beverages consumed. Beginning at age 3 years, 24-h urine samples are collected on the third day of the dietary recording. Each visit at the study centre also includes anthropometric measurements and interviews on life-style and health-related issues.
For this analysis, data of children of two age groups were used, based on an existing study sample for which the urinary analyses for the hydration status had been determined (Manz et al., 2002) . These children were between age 4.0-6.99 years and 7.0-10.99 years and had at least one validated 3-day weighed dietary record and an accompanying, complete 24-h urine. Only those dietary records were considered to be valid if the age-and sex-related ratio between protein intake and nitrogen output was above the fifth percentile of the DONALD Study sample, and if the reported energy intake to basic metabolic rate ratio was above 1.06 (Goldberg et al., 1991) . Urine samples were considered acceptable, if the urine creatinine excretion value related to body weight was above the fifth percentile of the corresponding age and sex groups (Remer et al., 2002) . In total, 235 boys and 243 girls fulfilled these criteria, who provided 717 days of dietary recording with corresponding 24-h urine samples, 362 in the first and 355 in the second age group.
As a marker of hydration status the free water reserve (FWR) was used, as determined and described previously (Manz et al., 2002) . FWR was calculated as measured urine volume (ml/24 h) minus the obligatory urine volume; the obligatory urine volume (ml/24 h) results from the excreted 24-h solutes (mosm/24 h)/mean À2 s.d. value of maximum urine osmolality of the renal concentrating test of healthy subjects in the respective age group (830 mosm/1000 g). Positive values of FWR indicate euhydration, negative values the risk of hypohydration (Manz et al., 2002) .
Macronutrient and water content of recorded foods were calculated by using the in-house nutrient data base LEBTAB (Sichert-Hellert et al., 2007) . Macronutrient composition of the diet was examined by comparing the amount of calories of each macronutrient consumed (percent energy from carbohydrates, fat and protein). The sum of water contained directly (as water content of food and beverages) and indirectly (as metabolic water) in foods and beverages consumed was referred to as total water intake per day (g/d ¼ ml/d). The formula for percent water from metabolism was fat intake (g/d) * 1.07 þ carbohydrate intake (g/d) * 0.55 þ protein intake (g/d) * 0.41/total water intake (g/d) * 100.
Energy density was calculated as energy intake (kcal/day)/ weight of foods and beverages consumed (g/day). Foods and beverages were characterised by the post absorption hydration index (PAI), which describes the amount of water available for the functional water pool immediately after consumption and absorption of 100 g food or beverage (Manz and Wentz, 2003) . The amount of water consumed is not identical to the amount, which is actually available for preventing or reversing dehydration. Therefore, the PAI takes the quantity of carbohydrates and sodium of foods and beverages into account, which affect the actual availability of water after absorption. The formula of the PAI is: x g water/ 100 g -(y g carbohydrates/100 g * 3 g water)À(z mg sodium/ 100 g * 0.3 g water) ¼ PAI (g functional water/100 g food or beverage). According to this index, beverage and food subcategories were calculated based on their content of functionally available water. The sum of water consumed Relation between hydration status A Stahl et al via beverages with PAIX75 g functionally available water per 100 g beverage (ml/day)/total water intake from beverages (ml/day) * 100 is referred to as % high-water beverages. This category includes mainly non-caloric drinks such as water and tea as well as beverages with low sugar content such as water-diluted fruit juices and sugar-free soft drinks. Similarly, foods were categorized as water-supplying foods if the PAI was 40 g functionally available water per 100 g food intake (g/day). The proportion of these water-supplying foods of total food weight (g/day) is referred to as % water-supplying foods and includes food items like fruits and vegetables, fresh cheese meat and butter/oil.
Data were analysed using SPSS, Version 12.0. All variables were examined for the presence of outliers and for normality of the distributions. Descriptive data are reported as means with standard deviation (s.d.) if normally distributed in all age and sex groups and hydration status groups respectively, and otherwise as medians with 25th and 75th percentiles. Children were classified according to their FWR values into three groups and evaluated for differences. Children in the first group had negative FWR values; the group of children with positive FWR values was halved into one group of children with low and another one with high FWR values. Kruskal-Wallis test was used for not normally distributed variables (tested with Shapiro-Wilk test). The analysis of variance (ANOVA) procedure was used for normally distributed variables. After the ANOVA, multiple comparison testing was done with the Sidak test if homogeneity of variances or Dunnet-T3 test if no homogeneity of variances existed between the groups to look for specific mean differences between pairs of groups. Pearson's correlation coefficients were calculated to determine the linear relationship between the FWR and food intake variables of interest.
All analyses were done separately for boys and girls and for the two age groups. P-valuesp0.05 were considered statistically significant.
Results
General characteristics of the different sex and age groups are shown in Table 1 . Negative FWR values occurred in about 40% of the children. Table 2 shows that several significant correlations could be observed between the FWR and food intake in both age groups and sexes. As expected, total water intake, the proportion of water from beverages and water supplying foods (only in 7.0-10.99 year old children) were positively correlated with hydration status. The proportion of metabolic water and percent energy from fat (not significant in 4.0-6.99 year old girls) were, as expected, inversely and significantly correlated with the FWR. Percent energy from carbohydrates was positively and significantly correlated (not significantly in 4.0-6.99 year old girls). In addition, energy density decreased evidently with increasing FWR. Energy intake was not significantly correlated with FWR.
To describe the relation between hydration status and dietary factors in more detail, food intake characteristics in the three groups of FWR in boys and girls were analysed (Tables 3 and 4) . Several P-values indicated significant differences between the groups. The median values of total energy intake, however, were not significantly different neither in girls nor in boys. With respect to energy density, as expected, the group with the highest values of FWR showed the lowest energy density. However, in the other two groups energy density was similar despite remarkable differences in FWR. Relation between hydration status A Stahl et al
As expected, total water intake differed significantly between the three FWR groups and was highest in the group with the high positive FWR values. Except for the boys age 4.0-6.99, the percentage of water from beverages was highest in the high FWR groups. Among 7.0-10.99 year old boys and girls, the proportion of water-supplying foods was Relation between hydration status A Stahl et al Relation between hydration status significantly increased from the group with the lowest to the highest FWR values. Moreover, the proportion of water from oxidation processes was significantly lower in children with high positive FWR than in children of the other two groups. The mean or median values, respectively, of the macronutrient composition showed that in the negative FWR group the percent energy from carbohydrate was lowest and percent energy from fat were highest (except for 7.0-10.99 year old boys). Vice versa, in the high FWR group percent energy from carbohydrate was highest and percent energy from fat was lowest. However, not all of these differences reached statistical significance.
Discussion
The analyses presented here provide a first insight into the complex relations between hydration status and dietary profile in free-living children. It was hypothesized that hydration status was associated with food intake. The analyses revealed significant differences in food intake between categories of hydration status: the higher total water intake, water from beverages and water-supplying foods were the higher the FWR of the children. In contrast, the higher the energy density of the diet, percent water from metabolism and percent energy from fat were, the lower the FWR. Thus, these observations support what experimental studies indicated: there seem to be significant relations between hydration status and food intake.
As this is the first study to examine the relation between hydration status and food intake in free-living humans, comparison of results with similar studies cannot be made. A few experimental studies in humans, however, provide some relevant information on this issue. For example, one crossover study analysed whether hydration affected food intake. Beverage intake in one group was restricted for 48 h to 43% of intake compared to the beverage intake in the ad libitum condition. Subjects in the fluid-restriction group voluntary restricted their food intake by about 37%, indicating that appetite and food intake were decreased as the intensity of thirst, and correspondingly dehydration, increased (Engell, 1988) . This finding matches the common mammalian response to dehydration, that is an inhibition of food ingestion, the so-called dehydration anorexia (Booth and Ramsay, 1991) . However, it was neither analysed in this trial whether food choice differed between the two groups nor how large the water deficit of the participants actually was.
Further comparisons to other investigations can only be made to animal studies. An experimental study with rats found that at least, in the short-term, general food intake was affected by solution osmolality and hydration status. Drinking hyperosmotic saccharin-sodium chloride solution decreased food intake relative to trials without a solution to drink, but hypo-osmotic saccharin solution increased food intake. The increase was enhanced by treatment with antidiuretic hormone, which causes a positive water balance (Tordoff and Friedman, 1989) . Another study with rats observed that dehydration caused intracellular changes in the activity of enzymes involved in lipid metabolism, and that in water-deprived rats lipids became the predominant metabolic fuel (Hohenegger et al., 1986) . Similarly, an experiment with weaned grey seal pups showed that metabolic water from lipid-oxidation was the primary source of water for the pups if they had no free access to water (Reilly, 1991) . In summary, these findings suggest that dehydration could result in decreased food intake and a preference for a high-fat diet.
For interpreting the presented results strengths and limitations of this study need to be considered. A major advantage of the DONALD Study is the large number and the high quality of 3-day weighed food records and the 24-h urine collections obtained on the third day of the dietary record. A limitation of this analysis is its cross-sectional character, which does not allow drawing conclusions about cause-and-effect chains. Although relations between food intake and hydration status could be demonstrated, it cannot be answered whether hydration status affected food intake or vice versa.
To characterise the hydration status of the children, the relatively new concept of the FWR was used. Its advantage is that it is calculated from 24-h urine osmolality, which is considered as an appropriate marker for hydration status (Shirreffs, 2003) . A disadvantage may be that FWR is based on an assumption regarding the threshold between 24-h euhydration and the risk of hypohydration: based on previous studies it is assumed that at 830 mosm/kg euhydration is secured in 97.7% of the subjects (Manz et al., 2002) . However, as long as individual maximum urine osmolality is unknown, and until a universally-accepted method of analysing hydration status (especially mild dehydration) is established, the FWR appears to be appropriate to characterise 24-h hydration status.
In conclusion, it was demonstrated that sufficiently hydrated children had a more desirable dietary profile than hypohydrated children. The dietary profile of the former group was characterized by a lower energy density of the diet. In the long term, this may lead to lower energy intake and a decreased risk of becoming overweight or obese. A better understanding of the relations between hydration status and food and fluid intake may therefore provide important information for the efforts against the rising prevalence rates of overweight and obese children and adolescents.
